Expression of the amylase multigene family of Drosophila ananassae was investigated in thirdinstar larvae and adults. A developmental differentiation was found between the Amyl-2 and Amy3-4 gene clusters, the former being preferentially expressed in larvae, the latter in adults. During adult life, we observed a decrease in Amy] -2 expression in males of certain strains. We have raised some arguments for the existence of trans-active regulators, acting as repressors of Amy]-2 in adults. The putative repressors might exhibit a geographical polymorphism, with a fixed active form in Pacific regions and a polymorphic pattern in Africa, thus increasing the diversity observed in adult amylase phenotypes. A clear differentiation between the two gene clusters was also found in tissue-specific activity along the third-instar larval midgut. In the anterior midgut, only Amy]-2 is active, while both gene groups are expressed in the posterior midgut, with an additional subzonation within it.
Introduction
Amylases, which have been extensively studied in many organisms for the past 30 years, are directly involved in digestive processes. Since there may be a strong interaction between the gene-enzyme system and environment, i.e. the nutritive substrate, this enzyme is of great interest from an evolutionary point of view.
Duplications of the Amy coding genes have been described in a number of nonrelated animal species, such as man (Gumucio et al., 1988) , other mammals (Crerar & Rooks, 1987) , Crustacea (Borowski et a!., 1985; Oxford, 1986; Laulier, 1988) , Coleoptera (Pope et a!., 1986) , Lepidoptera (Kikkawa, 1953) , and Diptera. Within the Drosophilid family, duplications were first evidenced in Drosophila melanogaster (Kikkawa, 1964; Bahn, 1967) and confirmed for all the species of the melanogaster subgroup (DaInou et al., 1987; Payant et al., 1988; Shibata and Yamazaki, submitted) . Several Amy genes are also known for D. pseudoobscura , the D.
ananassae subgroup (Da Lage et a!., 1989 The cosmopolitan tropical species Drosophila ananassae shows the most complex amylase gene system described until now in Drosophilids. A total of 13 different amylase variants have been recognized with gel electrophoresis. There is a marked geographical polymorphism of these variants, which is not consistent with the Asiatic origin of the ananassae subgroup because the African populations are the most polymorphic ones. At least four potentially active genes exist, organized as two independent pairs of closely linked copies which are located on different chromosomes, namely Amyl,2 and Amy3,4. Several alleles have been identified at each locus, including a putative null allele (Da Lage et al., 1989 . Since the beginning of our studies on D. ananassae, we suspected that regulatory phenomena could be involved in modifying the expression of amylase electrophoretic patterns. It appeared that segregation of amylase variants was generally Mendelian; however, in some crosses unexpected bands were also observed.
Tissue-specific expression in the midgut, in the anterior and posterior midgut (AMG, PMG) only, appears to be a typical characteristic of Drosophila amylase activity. Similar patterns are found in D.
pseudoobscura (Powell & Lichtenfels, 1979) , D. hydei (Doane, 1969) and D. melanogaster (Doane, 1969; Abraham & Doane, 1978; Klarenberg & Scharloo, 1986) . In D. melanogaster it is controlled by the trans-acting map (Midgut Activity Pattern) gene which has been well studied (Doane et al., 1983) . A further independent genetic control (a closely linked cis-acting element) of amylase distribution in the anterior midgut of third-instar larvae was evidenced later . In D. pseudoobscura it was concluded that the genetic control was polygenic (Powell & Lichtenfels, 1979) .
The present study reports first, differential expression of the amylase genes during development that may partially explain the geographical pattern of amylase variants observed among populations of D.
ananassae, and secondly, differences between the two gene clusters in amylase midgut tissue-specific expression.
Materials and methods
The D. ananassae strains used for the geographical polymorphism studies are listed in Table 1 . Techniques for vertical gel electrophoresis were described by Da Lage et al. (1989) . Tissue-specific expression of amylase variants along dissected midguts revealed by electrophoresis of intact midguts was investigated as described by Kiarenberg et al. (1986) . The flies were reared and fed on axenic, nonsugared and dead yeast-rich medium prior to electrophoresis to allow maximal amylase expression (David & Clavel, 1965) . In D. melanogaster, glucose and other sugars added to the food medium may strongly repress amylase activity (Benkel & Hickey, 1986; Klarenberg et a!., 1988) . In contrast to adults of D. ananassae, we have found a significant effect of glucose in larvae (Da Lage, 1990) . Larvae were assayed at the third instar feeding stage and it is the only larval stage considered in this study. Pupae failed to show any amylase activity other than traces of larval proteins.
Results
Larval vs. adult expression of amylase in D. ananassae In most D. ananassae strains, adult electrophoretic amylase patterns are different from the larval ones.
Some of the amylase variants may be absent in adults while common in larvae, and vice versa.
Therefore the frequencies of electromorphs in adult populations may change drastically when compared to those of the corresponding larvae. As an example, Table 2 gives a comparison of the occurrence of different amylase variants observed in adults and larvae from a mass strain freshly collected in the Congo. The data show that amylase variants belonging to the Amyl-2 gene cluster are significantly more frequently expressed in larvae than in adults. The gel in Fig. 1(a) illustrates the high diversity of larval phenotypes, which are usually more complex than those of corresponding adults. Moreover, in natural populations there is a variation in band intensity of the different electromorphs within a single larva, as well as between larvae from the same strain, which is more important than in adults.
The use of inbred lines, made homozygous for adult Amy gene expression, or found to be so (in old laboratory stocks from the Bowling Green Center, for example), shows more clearly the temporal specificity of expression of the different amylases, as illus- progenies from crosses between female TaI 13-1610 (Amyl,2,3,4) and male Taka 5 (Amy3): lanes 1-6, female F1-3; lanes 7-12, male F1-3; lanes 13-18, female F1-4; lanes 19-24, male F1-4 (indicated with asterisks in Table 3 ).
The Genetical Society of Great Britain, Heredity, 76, 9-18. Table 2 . The fastest amylase electromorphs (Amy-i, Amyl, Amyl', Amy2, Amy2') are more frequent in larvae than in adults, while slow variants (Amy3, Amy4, Amy4 ', Amy5) are much more frequent in adults and may be absent in larvae, although it is rare for Amy3 (see only Amy3 and Amy4 (replaced by Amy4' in Hawaii) are known for adults, several faster bands are found in larvae, which migrate similarly to electromorphs already described from African adult patterns (Amy-i, Amy2'). The only exception is Amyl', which has never been observed in any wild adult. Thus, Amyl' is the only strictly larval amylase (see Fig , 1989) . When both adults and larvae are considered, the Pacific region appears more polymorphic and the disequilibrium between these two regions is reduced. This point will be discussed below.
From the observations reported above, it is possible to classify the most common amylase variants according to their temporal regulation patterns: Amy-i, Amyi, Amyl', Amy 2 and Amy2' belong to a group which is expressed in larvae and may be repressed at various levels in adults; Amy3, Amy4, Amy4' and Amy5 may be considered as preferentially adult amylases. This classification is illustrated in Fig. 3 . Interestingly, the pattern of temporal expression of amylase is strongly correlated with the structural organization of the amylase genes in two clusters located on two different chromosomes: the Amy] -2 and Amy3-4 gene blocks. We may infer that Amyl' might be an allele of Amyl, substituted for it in Pacific regions. Amy4' and Amy5 are supposed to be alleles of Amy4, Amy4' replacing Amy4 in Hawaii (Da Lage et al., 1992) . Amy-i has not been assigned to any locus yet. It might be encoded by a fifth gene close to Amyl. The rare amylase variants (Amy5', Amy6, Amy7, Amy8 and Amy9; see Fig. 2 ) are not considered here. Although the distinction is not strict, the Amyl-2 complex may be considered as a larval system and Amy3-4 as an adult system. When larval and adult patterns were compared, we noticed that expression of the Amy] -2 complex was generally more affected Amylase electromorphs were classified in two groups according to their temporal expression preferences. These groups coincide with the two gene clusters Amyl-2 (larval) and Amy3-4 (adult). Variants Amy-i Amyl and Amyl' segregate at locus Amyl; Amy2 and Amy2' at locus Amy2; Amy4, Amy4' and Amy5 at locus Amy4; locus Amy3 has only one active allele in addition to a null allele (Da Lage et al., 1992) .
by the regulation than that of Amy3-4. We have thus assumed the existence of some regulatory factors for the Amyl-2 complex, such as a putative repressor gene active in adult flies, or a putative activator gene active in larvae.
Effect of age and sex on adult amylase expression To analyse the temporal expression in adult flies, the electrophoretic phenotypes of individuals from the selected strain Tal 13-1610 (homozygous for Amyl, 2, 3, 4) and some derived strains (described in the next section) were observed at various times after emergence: 6 h, 24 h, 3 days and 8 days. For this purpose, flies were transferred to fresh axenic medium immediately after emergence. At 6 h, only slow amylases (Amy3-4 group) were expressed. At 24 h, all proteins were produced with maximal intensity. After three days, amylase activity decreased irregularly according to the strain, affecting especially Amyl and Amy2 in some males, so that in substrain 1610 SD, 8-day-old males showed an almost typical Amy3,4 pattern while females Table  3 . Because of the Mendelian inheritance of amylase variants, in these types of crosses F1 phenotypes are expected to be 100 per cent Amyl,2,3,4 and this was indeed the case in many F1s (see also Da Lage et a!., 1992). However, in some F1s, an unexpected and striking repression of Amyl and Amy2 in F1 males was observed (Fig. ic) when Pacific single-band parents were used (Amy3 or Amy4), and in both crossing directions (male or female Amyl,2,3,4). The repression of amylase activity clearly affected males in particular, although in crosses showing a very strong effect, a decrease of Amy2 intensity was also apparent in females. However, ANOVAS were performed only on males. The statistical analyses reveal no effect of the amylase variant (Amyl vs. Amy2); that is, Amyl and Amy2 were coordinately regulated. These two variants are known to be encoded by two closely linked loci. A significant variability between repeats ('year') was found in two of the three sorts of crosses for which several repeats had been carried out. The latter point is discussed below.
To explain this unexpected repression of Amyl,2 genes, we suggest the existence of repressor elements: in Pacific strains, an active form of a repressor system should be present, because fast amylases are lacking in adults but are present in larvae (T404 is Amyl',4 in larvae vs. Amy4 in adults). In the African parent Amyl,2,3,4, the repressor system would be inactive, allowing expression of the Amyl-2 complex in adults as well as in larvae. In F1 hybrids, the active repressor(s) inherited from the single-band parent would exhibit a trans-activity, thus repressing the Amy] and Amy2 structural genes inherited from the four-band For each progeny, six males and six females were assayed by gel electrophoresis, except in the cross of series C, Fl-2, 1991 for which values were standardized to 6. Amyl and Amy2 patterns were scored as + I if strongly expressed, and 0 if weak or not expressed. Scores thus range from 0 (no expression for any of the six flies assayed) to 6 (strong expression in the six flies assayed). ANOVAS were performed for males to test repeats of crosses within a three-year period and the coregulation of Amy] and Amy2.
*P<005; ***P<0.00l (Type 1 ANOVA with proportional subclass number (Sokal & Rohlf, 1995) ). Female patterns were almost always typically Amyi,2,3,4. tFis illustrated in Fig. 1(c) .
parent. The existence of adult repressor genes of the Amyl-2 cluster is well supported by these crossing experiments. However, the restriction of the repressive effect to males remains unexplained yet, though it is clear that the relevant genetic elements are not carried by the X chromosome (or at least not all of them if several genetic elements are involved). The variability of the response of the different F1s to repression may result from a polygenic structure of the repressor system and/or heterogeneity of the sensitive TaI 13-1610 strain with respect to this regulation. We attempted to reduce the genetic heterogeneity of TaI 13-1610 using substrains which were derived by isolating inseminated females for several generations. Three substrains (161USD, 161OSE, 161OVCC) were crossed to the unchanged singleband strains Amy3 and Amy4. Until now, we failed to select a strain constantly sensitive to the repressing factor, but for the strain 161OVCC, no repression at all was found in any type of cross with this strain (not shown). Thus, the variable response of TaI 13-1610 to the repressor could result from its residual heterogeneity, because this strain was selected for adult amylase phenotype only, and kept for several years as a mass strain. The heterogeneity between repetitions of the experiments during the past three years may be because of drift in the TaI 13-1610 strain. Two series of backcrosses were
performed to try to demonstrate the genetical determination of repression: F1 males with strongly repressed Amyl,2 activity (phenotypically Amy3,4) Fig. 4 Tissue-specific expression of amylase in midguts of adults and third-instar larvae in Drosophila ananassae (strains TaI 13-1610 and T404). After migration in agarose gel, the differential activation of the two groups of Amy genes is clearly visible between the AMG and PMG of larvae: Amyl,2-Amy3,4 for Tai 13-1610 and Amyl'-Amy4 for T404. The arrow shows a shift in the PMG suggesting a differentiation within this section. The adult midguts (n = 3) of TaI 13-1610 express all four Amy variants in the AMG and PMG, while the adult midguts of T404 (n = 3) have only Amy4 expression in the AMG.
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were isolated from the offspring of crosses between either female Tal 13-1610 and male Taka 5 or reciprocally (genotypically Amyl, 2,3,4/Amy3). They were mated to Taka 5 (parental Amy3) females. Under the hypothesis of a simple determinism, a repressive effect could still be expected, leading to an excess of Amy3 and Amy3,4 phenotypes among the four possible phenotypes Amy3, Amy3,4, Amyl,2,3 and Amyl,2,3,4. Instead, the results showed no significant disequilibrium (data not shown) although the Amy2 band often remained weak in backcross phenotypes. Thus, the determination may be rather complex.
Tissue-specific expression of amy/ase The major sites of amylase activity in Drosophila are the larval and adult midguts. In D. ananassae, in situ histochemical detection of amylase activity in intact midguts clearly shows that the protein is expressed only in the AMG and PMG but not in the middle midgut (MMG). Electrophoresis of intact adult and larval midguts of strains TaI 13-1610 and T404 confirms the differential distribution of amylase activity (Fig. 4) . This shows a more original result: in strains which have a functional Amyl-2 group, thirdinstar larvae show a strongly differentiated expression between the two gene clusters. In the PMG, Table 4 Tissue-specific expression of amylase genes in the midgut of third-instar larval and adult Drosophila ananassae temporal pattern as the acceptor species' UO gene (Wallrath & Friedman, 1991) . In this case, evolution of some trans-active factors was considered to be responsible for the species-specific temporal pattern, rather than cis-sequence modifications. Considering our data on D. ananassae, we may assume a similar evolution at the interpopulational level, not exclusive of cis-sequence evolution due to the high number of Amy gene copies in this species. Although the regulatory phenomena of the amylases in D. ananassae are complex, it seems clear that these regulatory factors are partly responsible for the observed electrophoretic polymorphism. A geographical polymorphism for the active vs. inactive regulators (active regulators fixed in the Pacific region, polymorphism in Africa, and an increasing frequency of active repressors in Asia towards the Pacific) would partly explain the geographical pattern observed for adults (Da Lage et at., 1989) .
The high phenotypic diversity within African populations could be a consequence of the regulatory polymorphism.
In this study, we have provided evidence of repressive factors. However, additional regulatory mechanisms may exist and are perhaps antagonist: in the analysis of backcrosses between T404 (Amy 4) and the F1 from T404 x TaI 13-1610 (Amy 1,2,3,4) (Da Lage, 1990) , some adult individuals with Amyl' protein were found, although this amylase is strictly larval in natural conditions. In this experiment, the Amy]' structural gene was brought by the T404 parent from the Pacific Ocean (active repressor for Amyl,2 in adults). It seems that the remaining African genetic background was able to activate this
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Tissue-specific expression in the midgut (AMG and PMG) appears to be in D. ananassae as in D. melanogaster and other species investigated (see Introduction). Some genes similar to the map system of D. melanogaster are likely to exist in D. ananassae.
However, compared to the other species, there is a striking difference: the expression of amylase in the AMG or PMG in D. ananassae is clearly related to the differential regulation of the two clusters of genes, Amyl-2 and Amy3-4.
In D. melanogaster, in which the amylase gene is duplicated, the regulation has been extensively studied. However, compared to D. ananassae, the differences in relative activities of the two copies have not been found to be so demonstrative of a regulatory divergence. Doane (1969) found quantitative variation between the activities of the individual genes of the Amy duplication in developmental and tissue-specific expression. have shown that tissue-specific expression in the midgut is influenced by food conditions. The two genes in the duplicated Amy locus had differential expression in larvae grown on a sugar-free medium, Amy3 being present in the AMG, in contrast to Amy6. On a food medium rich in sucrose, Amy3 and Amy6 were only expressed in a small region of the PMG. Matsuo and Yamazaki (1986) In some aspects the amylase system of D. ananassae actually resembles the duplicated Adh systems of species of the mullen subgroup (Batterham et al., 1983a (Batterham et al., , 1983b (Batterham et al., , 1984 Mills et at., 1986 ) and the fourloci esterase system of D. montana (Roberts & Baker, 1973; Baker, 1975 Baker, , 1980 in which duplications were followed by tissue-specific and developmentally separate regulation.
Concerning other amylase systems, mammalian systems like those of mouse or man show some analogies with D. ananassae as they have a multigenie structure and variable copy number (Crerar & Rooks, 1987; Meisler & Ting, 1992; Da Lage et at., 1992 and in prep.) . Adaptive interpretations of such
The Genetical Society of Great Britain, Heredity, 76, 9-18. a situation should be investigated in the light of these data, provided that knowledge of the natural resources used by D. ananassae can be improved. For example, tissue-specificity of some amylase genes could be linked to a substrate preference, as described by Zouros and van Delden (1982) for esterases of D. mojavensis. Preference in pH could also be involved, although our preliminary results (unpublished) were negative. A shift in metabolism related to the molecular organization of the two gene clusters could also explain why so many as four genes are functional in D. ananassae in contrast to a single active gene in D. pseudoobscura and D. miranda or two genes in D. melanogaster (Hawley et at., 1990) . Further detailed step-by-step molecular analysis of the Amy gene clusters in D. ananassae has to be performed in order to understand the complexity of the phenotypic aspects of regulation described here.
